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Abstract 

Composite Higgs Models are very appealing candidates for a natural realization of elec- 



Qh troweak symmetry breaking. Non minimal models could explain the recent Higgs data 

from ATLAS, CMS and Tevatron experiments, including the excess in the amount of 
diphoton events, as well as provide a natural dark matter candidate. In this article, we 

> 

study a Composite Higgs model based on the coset SO(7)/G2. In addition to the Higgs 

o 

doublet, one SU (2)l singlet of electric charge one, k^, as well as one singlet n of the whole 
Standard Model group arise as pseudo-Goldstone bosons, n and n can be responsible of 
CN the diphoton excess and dark matter respectively. 



I. INTRODUCTION 



Composite Higgs Models (CHM)p~H3] provide a compelling solution to the hier- 
archy problem. In these models, the Higgs boson arises as a bound state of a new 
strongly interacting sector with a global symmetry group G spontaneously broken to 
H C G. Therefore, its mass is protected by its finite size, and it becomes naturally 
light — as the ATLAS, CMS and Tevatron experiments have recently revealed [U- 
[6] — due to its pseudo-Nambu Goldstone (pNGB) nature. In the Minimal Com- 
posite Higgs Model (MCHM)[7l E], this symmetry breaking pattern is achieved by 
the coset SO(5)/SO{4). In the so-called MCHM5, the SM fermions mix with res- 
onances of the strong sector transforming in the 5 representation of SO(5). The 
MCHM5, however, can accommodate neither a Dark Matter (DM) candidate nor 
solution to the recent diphoton excess. Therefore, other non-minimal CHMs have 
been considered in the literature [9HT3] . which give very interesting new signatures 
at the LHC and DM searches. In fact, regarding the diphoton discrepancy, many 
alternatives to the SM scalar sector have been proposed in order to explain this 
possible excess [TH - FH] . 

Here we present a new CHM based on the symmetry breaking pattern of SO (7) 
to G2. In this case, an uncolored SU(2)l singlet charged scalar, well as a 

neutral singlet scalar, rj, appear in the spectrum in addition to the SM Higgs doublet 
H. As we show below, and 77 can reproduce the observed deviation in 77 events 
and DM, respectively, in a natural way. The stability of the latter is guaranteed 
by a 7] — > —rj symmetry. This symmetry is preserved by a particular embedding of 
the elementary SM sector into spinorial 8 representations of 5*0(7). The absence of 
anomalies in this group, which therefore can not break this parity symmetry, makes 
7] a very natural candidate for DM. The excess in 77 is also very interesting, since it 
could provide a good hint of a larger scalar sector (possibly composite) to be probed 
with the near future LHC data. Hints of the composite nature of this sector can be 
also indirectly looked for in Higgs production in association with a ti pair |^5l H6] 
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already in the current LHC run. After the longer LHC run with yfs = 14TeV of 
center of mass energy, this composite nature could be probed through the direct 
production of new resonances [^oTHU] or even through the pair production of Higgs 
bosons [5UH53] . 

This article is structured as follows. In Section[TT]we introduce the group structure 
of the model and obtain the two-derivative scalar interactions described by the non- 
linear sigma model lagrangian. We also discuss the embedding of the SM fermions 
into representations of the whole group and construct the lagrangian quadratic in the 



fermion fields. In Section III, we discuss the Coleman- Weinberg effective potential 



for the scalars generated through loops of fermions. In Section IV, we calculate the 
couplings of h, t] and k to the SM fermions and gauge bosons, and compare them 
with other CHMs. In Section [V] we discuss some phenomenological implications of 
the new states. This includes a study of the h — > 77 process, 77 as a natural dark 
matter candidate and prospects for production of the new scalars at the LHC. We 
conclude with a summary discussion in Section IVT) 



II. SO{7)/G2 COMPOSITE HIGGS MODEL 

The model is based on the symmetry breaking pattern SO(7)/G2, which can be 
achieved through the vev of a field $ transforming in the spinor representation 8 
of SO(7). The 21 generators J mn = —J nm of SO(7) in this representation can be 
constructed out of the gamma matrices 7» of Appendix [A] in the following way: 

Jmn = -| [7m, 7n] ■ (1) 

The group G2 can be then regarded as the set of elements of SO(7) that leave the 
vacuum 

vZ= (0,1, 0,1, 0,-1, 0,-1) (2) 

invariant . The generators correspond to the sets F, and Mj of Figure 1 (see 

Appendix for the explicit expressions). The rest of the generators, the set 
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FIG. 1: Pictorial representation of the Lie algebra of 50(7), and the embedding of its 
important subgroups SU(2) L x SU(2) R C G2. 

generate the coset manifold. They transform in the 7 representation of G2, and 
decompose under the subgroup SU(2)l x SU(2)r into (2, 2) © (1, 3). Some of the 
relevant commutation relations are 

[Ft, Fj] = te^Fk, [M h Mj] = ^ Jk Mk, [F, M s ] = 0, [F u Nj] = 0, (3) 
[M 3 , N a ] = 0, [M 3 , N±] = T iV±, N ± =N 1 ± iN 2 , 

where j = 1, 2, 3. All the SO (7) generators of Figure 1 are normalized according 
to Tr [TjTj] = Sij (note that the SU(2)r group is generated from \f3Mi rather 
than Mj alone). From equation we explicitly see how A^ >2) 3 are not charged 
under SU(2)l and we get their hypercharges. In fact, these generators transform in 
the (1,3) representation mentioned above (and so do the corresponding Goldstone 
bosons), while the rest of them live in the (2, 2), giving rise to the Higgs doublet. 
Thus, the pNGB spectrum is composed of the Higgs doublet H, a neutral scalar rj 
and a singly charged scalar k . 
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A. Scalar Sector 



The scalar sector lagrangian is described by a non-linear sigma model over 
SO(7)/G2, with lagrangian 

C = f -d^d^ (4) 
o 

where 

£ = e-^ n ^£ , n(x) = n\x)N u S = ($) = v . (5) 

Since the iVj coset generators are hermitian, II (x) = IT' (x). Therefore, if we expand 
the lagrangian up to 0(1/ f 4 ) we find 

c = y |^s| 2 = ^ M (nE ) t ^(ns ) + ^a M (n 2 s ) t ^(n 2 Eo) + o(i/f). (6) 

Using the explicit expression of II in Appendix |Bj we can write the lagrangian in 
terms of charge eigenstate fields. It reads, in the unitary gauge: 

£ =z + g^(0 M (flW + ^ 2 (<V?) 2 + ^-M H]R ) d ^ 2 (7) 

where /C stands for the canonically normalized kinetic terms. We have defined 
H T = [(/i! + ih 2 )/V2, (h 3 + ih 4 )/V2) and ^ = ± ik 2 )/V2. 



B. Fermion Spectrum 

In order to construct the effective lagrangian for the fermions, we should extend 
the symmetry group to SO (7) x U(l)x and embed the SM fermions in multiplets 
of this group |7], with the proper X charge. Two appropriate representations of the 
whole group 50(7) are the fundamental 7 and the spinorial 8 representations. Under 
the unbroken subgroup G2, the first one remains as 7 while the second decomposes as 
1 + 7. We work in the latter scenario because, as we will see, the presence of a whole 
G2 singlet will be necessary to give a mass to the top quark. Under the custodial 
symmetry group SU(2) L x SU(2) R , the 8 decomposes as (1, 1) + (2, 2) + (1, 3). The 
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SM fermions will mix, therefore, with multiplets of SO (7) of charge 8 2 / 3 and 8-1/3. 
We pictorially 1 represent the 8 as 



8 



2/3 



(2,2) = (g,Q) 



;i,3) 



8-1/3 



(2,2) = (Q',g' 
(1,3) 



(t»\ 



b" 

(1, 1) = b' 



where the decomposition into irreps of SU{2) L x SU{2) R is manifest. Let us discuss 
how the SM fields should be divided among the different entries. In order to give 
a mass m& to the bottom quark, both the left-handed components of the quarks 
along q' L as well as the component of the bottom quark along b' R should be different 
from zero. The component along q' L , however, has to be small enough to protect the 
ZbiJjL coupling|57j. and then the component of b along b' R should be near one to 
naturally get a non-negligible m&. Thus, the component of the bottom quark along 
b R can no longer be large. This, however, will only affect the k decay width. b R 
can be fixed to zero without any conflict. On the other hand, the component of the 
top quark along t R should be nearly one to allow a naturally large top mass, making 
the component along t' R rather small. In fact, if this component is no n- vanishing 
the 7] — > —f] parity symmetry would be explicitly broken. 

Let us focus on the top sector, which naturally contains the largest couplings. 
We choose a prescription consisting of two 82/3 fields, Ql and T R . The SM doublets 
can be embedded in the (2, 2) of Ql, where the ZbJ)L coupling becomes protected 
as mentioned above: 



Qi 



(Hl - b L , t L - ibL, -it L - b L , t L + ib L , it L + b L , b L - it L , t L - ib L ) T . (9) 



1 Pictorially in the sense that we are not writing the generators of Appendix [a] in the canonical 
base of equation Thus, for instance, in the base used for the generators, the custodial (1, 1) 
of the whole 8-dimensional space is not (0, 0, 0, 0, 0, 0, 0, 1) T but rather (0, 1, 0, 1, 0, —1, 0, — 1) T . 



Equations &9h, (10 1 and (11) should then be clear in light of this consideration. 
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The Tr field can contain the tR singlet in both the (1,1) and the neutral part of 
(1,3), proportional to cos# and sin# respectively, and also a small component of 
the bji field in the same (1,3): 
1 



Tr — -(setR, CgtR, — SgtR, Cgt R , — SgtR, — CgtR, SgtR, —CgtRY 



with 



(10) 



Br = —7= (ib R , b R , ib R , -b R , ib R , b R , ib R , -b R ) 
V o 

Although the embedding of bR in Br does not give a mass to the bottom quark, 
e has to be different from zero. Otherwise, k appears always in pairs and then 
becomes stable, giving rise to undesirable consequences |58- ; 61]. The hypercharge 
Y of the different elementary fields is Y = T R + Qx, where T R refers to the third 
generator of SU(2)r. Note that, as we will see, whenever sin6 is different from zero, 
a trilinear coupling for rj is generated, allowing it to decay into pairs of fermions. 
So, if we want rj to be a DM candidate, we should set 2 6 = 0. The most general 
SO (7) x U(l)x invariant lagrangian of order two in the fields reads: 

£ eff = T R p (n° tR + n^s) t r + Q Lf (n° L + nJ L s T s) q l (12) 
+ [fM t Q L i: T j:TR + h.c.] . 

After expanding S up to l// 2 we get, in the unitary gauge, the following effective 
lagrangian for the quarks: 

I 



C cS = i R p ( U° tR + 3U] 



-cl + s 



2 V c, 



t R 



+ t Lf + n 



a --, IL , p J *L + KM h L + ^ Rf [ni + 

+ <j U] R ec e i R p^j (2V3 + 3tan0^ b R + ^eM t i L b R h^j 
l-^ 2 + ^ 2 + 2^-) + ^tan^ 



tR K + K 



+ VQM t cei L t R h 



+ h.c. 



(13) 



2 This choice means that can not mix with the corresponding heavy resonance. We are thus 
recovering a parity symmetry (under which both 77 and this heavy resonance are odd, while the 
rest of the particles remain even) that forbids this mixing to appear at the loop level. 
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where cq = cos 8 and sg = sin#. After EWSB, we obtain trilinear couplings of k 
to the fermions whenever e is different from zero, that allows to decay into SM 
particles. From here on we will consider cos# = 1, since otherwise we would break 
the 7] — > — 7] symmetry. 



III. EFFECTIVE POTENTIAL 



The embedding of the SM fermions into representations of the full strong sym- 
metry group breaks explicitly the 5*0(7) x U(l)x symmetry. Therefore, loops of 
fermions will generate a Coleman- Weinberg effective potential [62] for the scalars. 
The main contribution comes from the top, while gauge contributions aligned with 
zero vev[63j are relevant for detailed calculations. The one loop potential V(h,r),K) 
is then given by the expression [ 



V(h, V , k) = -2N C I -jpL log fdet-^- ) ( 1 i ) 



(2tt) 4 ° V dipii/j 



where ipi can be either ti or t R . Using the effective lagrangian in equation (13), we 
obtain, in euclidean space, 

log (p 2 U L U R +\U LR \ 2 ) (15) 



where 



U LR = V6M t h M - A (h 2 + V 2 + 2k + k-)^j . 

Expanding the logarithms up to quartic terms, we get the following potential for 
the scalars: 

V(h, V ,k)=- ^h 2 + ^ + ^rf + + a£* + *" + K{k + k-) 2 (17) 
+-^-h 2 r} 2 + X hK h 2 K + K~ + \ vk T] 2 k + k~. 
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The fi and A parameters can be written in terms of the form factors, which can 
be explicitly calculated in extra dimensions theories [7] or by means of Weinberg 
sum rules [HSHSZ] in the large N c limit. Otherwise, they are free parameters to be 
constrained by the experiments. We have, in units of /: 

3^ m\ R + Q\M t 
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where we have only retained the leading contributions in the expansion. All these 
integrals are understood over four-dimensional euclidean momentum. As we will 
discuss later on, in the natural vacuum of this potential the h field is the only one 
taking a nonzero vev v = \J n\/Xh — 246 GeV. In that case, the masses of these 
particles are given by 



m, 



- 2X h v 2 , m 2 ~ n 2 v + X hri v 2 , m 2 K ± ~ fi 2 K + X hK v 2 . (19) 



In light of these equations and equations (18), k and rj become degenerate in mass 



This degeneracy is broken by 0(v/f) corrections when loops of tibn are taken into 
account. 

IV. SCALAR COUPLINGS TO SM PARTICLES 

After gauging the SM subgroup of G2 x U(l)x, the usual SM interactions appear, 
including the hW + W~ and hZZ vertices, which were not present in the lagrangian 



Vertex 



Parameter SILH MCHM4 MCHM5 S7G2M 







b 



C2 



v / r^l v'R i-k 



l-2c H i 1-2? 1-2? l-§£ 



1 - (c H /2 + c y )e ^ 



-(c# + 3cj,)£/2 -e/2 



-2e 



2? 



d 3 1 + (c 6 - 3c^/2)£ vT^I l-|e 



TABLE I: Relevant Feynman diagrams and couplings for different structures of the CHM. 
The main part of the table has been extracted from Ref. |68j. 



of the last section. However, this field h is not written in the canonical way, since 
after EWSB we get new contributions to the Higgs field kinetic term coming from 
the O h operator O h = ffld^H* H)) 2 typical of the SILH model [g^, where the 
ch parameter turns out to be ch = 3/4 in this case. So, we should perform the 
following h field redefinition in order to get it canonically normalized: 



h 



i - -e + o(r) h phys 



f 



2 ' 



(20) 



where / is the scale of new physics and v ~ 246 GeV the electroweak scale. Thus, 
the coupling of h to the gauge bosons W and Z change. After inserting /i p h ys of 



equation (20) into the Yukawa lagrangian of equation (13), we get the coupling of 



the physical Higgs to the fermions. Similarly we get the rest of the couplings. We 
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can write the Higgs sector lagrangian in the usual model-independent way|50j 

4 / h h 2 , h 3 \ 

l> .., • '>■■> (21) 



£ewsb = yTr (D^D^J) x (\ + 2a 

v 



v f^sy s cw (i + c ^ + C2 ^ + • • . ) ( y «4 4«i) T + 



1 / 2 \ / 2 



and 

V (h, v = 0,k = 0) = -m 2 h ti 2 + d 3 (^1 /i 3 + rf 4 r^J /i 4 + • • • (22) 

Here E ew is different from S of equation (|5]), and parametrizes the coset manifold 
SU(2)l x SU(2)r/SU(2)v of the EWSB pattern. The corresponding parameters 
can be found in Table I for our model. For comparison we have also included the 
values in the MCHM4 and MCHM5 models. Note that we can always normalize 
the coset generators in a different way, which redefines the / scalej69]. So, c# can 
always take the same value in every CHM, while the ratio of c y /cn is an actual 
prediction {c y is the coefficient in the operator ^jj-H^H f^Hf^). In our case, this 
ratio is the same as the MHCM5 one at this order in the 1/f expansion. Note also 
that in our construction, the leading contribution to h — > gg and h — > 77 is fixed 
by group theory factors, independently of the composite spectrum 3 . The reason in 
that the main contribution of the composite sector comes from the top-custodians 



resonances. If we promote the Tr and Ql fields of equation (12) to complete 8 
representations of 5*0(7), we note that we can only construct the S'0(7)-invariant 
(S t Tr)(QlS). Since the top mass is sensibly larger than the Higgs mass, according 
to Ref. [7T] corrections to the Hgg coupling will have no dependence on the masses 
of the composite partners, but only on some functions of v as described in Table I. 

Let us now briefly discuss the interactions of k and rj with the SM particles. 
Since the re are charged under Tj|, they interact not only with the SM fermions 



through the lagrangian of equation (13), but also with the Z and 7 bosons. These 



interactions are fixed by the gauge symmetry. They are given by the coupling of 



3 Naturalness arguments together with the recent light Higgs discovery, tend to prefer lighter 
fermion resonances for the third generation !!!! [Ml ISTl [70] , 
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TABLE II: Trilinear interactions of k and r\ with the SM particles. The interactions of 
K with the photon and the Z are completely fixed by the gauge symmetry. 

and to the neutral current J M = i(K~d IJ ,K + — K + dfj,K~). The explicit trilinear 
interactions of k and 77 scalars with the SM particles are shown in Table II. It is 
worth noting that the trilinear coupling of rj to the fermions disappears once 9 is set 
to zero, when we recover the symmetry r] — > —r]. 

V. PHENOMENOLOGICAL IMPLICATIONS 

Let us discuss now the main phenomenological implications of the extended com- 
posite scalar sector, including new contributions to T(h — > 77), to DM and their 
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LHC signals. 



A. The h — > 77 deviation 



Recent nts |72H76] to a combination of ATLAS, CMS and Tevatron data on Higgs 
searches [1H6], seem to point to an excess in h — > 77 events by a factor of ~ 1 — 
2 with respect to the SM prediction, while they agree pretty well in the rest of 
channels. Although the excess is not yet significant, it could mean an intriguing 
source of new physics. For this reason, many groups have proposed explanations to 
this discrepancy [HHS], through the introduction of new uncolored (in order to not 
contribute to the gluon gluon fusion) particles which, when running in the loops, can 
increase the T(h — > 77) width, while keeping the rest of the channels invariant. In 
this way, the branching ratio BR(/i — > 77) can be easily increased up to the current 
measurement ~ 1.5 x BR 5M without conflicting with the others channels. These new 
particles could be both uncolored scalars or leptons. In any case, the new physics 
contribution would be suppressed by the mass scale of the new particle running 
in the loop. Thus, the lighter these particles are, the larger the contribution will 
be. This requirement can be successfully achieved in the context of CHM, where the 
Higgs boson, as well as possible new scalar states, arise as a pNGB of a new strongly 
interacting sector, being therefore naturally light. However, we should consider non 
minimal CHMs in order to get charged scalar states, like SO(6)/ SO(4) x SO(2) 
2HDM. Spherical CHMs, based on SO(n + l)/SO(n) could also explain this excess, 
whenever n + 1 is such that possible anomalous representations appear. In that case, 
the Higgs boson could mix with the new extra singlet scalars which, although they 
are not charged, could still couple to pair of photons through rjF fll ,F> Jjl ' interactions 
coming from anomalies in the strong sector [9l [72]. In the current model under study, 
however, a light charged scalar arises naturally in the spectrum. As discussed 
before, its interactions with the Higgs boson h and the singlet 77 can be extracted 



from the generic potential in equation (17), where all the mass parameters can be 
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FIG. 2: Left) F/T SM (h — > 77) in this model as a function of the mass of the new scalar 
k for different fixed A^ K couplings. Right) T/T SM (h — > 77) as a function of A^ K for 
different masses of k^. We are neglecting £ corrections in any case, so that the couplings 
are SM-like. 

taken positive. In that case, the point (h) = ^fi 2 /X h , (rj) = (k) = is necessarily 
a local minimum whenever the conditions — A/^/i^ < A^/i^ and — A/j K /^ < Xhfi 2 . are 
satisfied. In particular, we see how this last condition can be successfully fulfilled 
with a negative Xh K coupling. And this is, in fact, what we need to increase the 77 
rate. After EWSB, the potential will give rise to the trilinear coupling 2\h K vhn + k~ . 
In general, the addition of a uncolored singly charged scalar particle S would modifiy 
the 77 width in the following way[ 



r(h 77) 



1024tt 3 



9hWW A t x . &9htt A , \ . S7iSS , / x 



(23) 



m^, 3m t m s 

when the only relevant SM considered contributions come from t and W loops, and 
where a, m^, mw and m t are the fine-structure constant and the Higgs, W and top 
mass, respectively, guww and gutt are the couplings constants of both W and t to 
the Higgs boson, which in the SM case become g 2 /2 and Xt/y/2 respectively, while 
in CHM they receive deviations of order £ = v 2 /f 2 (see Table I), mj stands for the 
mass of the new scalar, Tj = Am 2 /m 2 h and Ax, A and A1/2 are defined in Appendix 

o 

In Figure 2, we show, for £ = (SM-like couplings), the r/r 5A/ (/i — > 77) as 
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FIG. 3: Main k production channels at the LHC. The coupling in the left plot is of order 
v/f and model-dependent, whereas the one in the diagram on the right panel is fixed by 
the gauge invariance. 

a function of both m K — \j? K + v 2 \h K and A^k- T{h — > 77) is reduced by 10% for 
£ ~ 0.25, but then the other channels become also modified [6 9J. 

B. A Dark Matter Candidate 

As we see from the sigma model lagrangian of equation ([7]), there is a parity 
symmetry for r] — > —rj that allows rj to be a dark matter candidate. If we were 
embedding the right-handed fermions in the remain neutral singlet of SU(2)l, this 
symmetry would be broken explicitly, as mentioned in Section [TTJ Also interesting, 
contrary to the case of 5*0(6) based CHMs (as SO (6) /SO (5) of references (9J IT3]). 
this model is free of anomalies, since SO(7) is[77]. Thus, we can not expect a WZW 
term breaking the parity symmetry |78j. and then the simplest CHM with natural 
dark matter candidates 4 would be SO(7)/ SO(6) and the current model SO(7)/G2. 
Phenomenologically speaking, the main differences would be the presence of two 
uncharged singlets in the first case, and then two possible DM candidates; and the 
presence of only one DM candidate and one charged singlet in the second. The DM 
implications of these models are very similar to that of the minimal realization stud- 

4 Natural in the sense that the parity symmetry is not broken explicitly by the elementary sector 
and can not be broken through quantum anomalies. 
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ied in references [79H86] , with a nice exception (apart from the obvious problems 
associated to elementary light scalars). For large enough masses of the DM candi- 
dates, the CHM realizations become fully predictive, since the relic abundance turns 
out to be completely determined by derivative interactions, which are fixed by the 
coset structure [13] . In this particular model, of course, the interactions of k with 
7] could involve important differences with respect to Spherical CHMs. A detailed 
analysis of the different possibilities is beyond the scope of the present article and 
will be deferred to a future publication |87j. 



C. LHC Phenomenology 

The new zero charge singlet scalar, being a DM candidate, will be difficult to 
detect at the LHC. The case of k , however, could be very different depending 
on its mass. For large masses, it could decay into ib pairs, and it could then be 
searched at the LHC in the tibb final state coming from k + k~ production, since its 
production cross section is completely determined, up to £ = v 2 / f 2 factors, by gauge 
interactions mediated by Z/j. These large masses, however, would require a much 



larger coupling A/j K in the operator h 2 \K ± \ 2 of equation (17) to explain the observed 
discrepancy in BR(/i — > 77) — as we have seen in Section IV, a negative sizable \y lK 
coupling could increase the branching ratio up to 1.5 x SM — . Moreover, searches 
of W decaying to a top and a bottom quarks can impose important constraints on 
the mass of the k boson. The most important experimental constraints on these 
searches come from CMS [88], and also from CDF[89J and D0[90j experiments. CMS 
puts bounds on the mass of the W near the 2 TeV for a W'tb coupling g' ~ g w . In 
our case, the amplitude for the production of k and decay into tb is proportional 
to v 2 1 f 2 ~ 0.1, to be compared with g^ ~ 0.5, and could still be very significant 
(unless the corresponding couplings of Table II are small enough) depending on how 
the analyses affect the scalar signal compared to the vector one. 

For lower masses, where the 77 excess can be successfully explained, k can 
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no longer decay into on-shell t and b quarks, and the decay through virtual heavy 
quarks will be very small. Experiments at both LEP and LHC found limits on 
the mass m#± of a charged SUSY-like scalar in the region 90 GeV < mjj± < 160 
GeV, depending on its properties [HI]. The decay into leptons and neutrinos is also 
strongly constrained by W searches [921495] . and the decay into jetsjHU |97] would be 
completely contaminated by the QCD background. So, very precise and dedicated 
analyses should be performed in other channels (resulting, for instance, from the 
decay of heavier resonances [45 -49, 98j) to study the phenomenology of these scalars 
at the LHC. Some efforts in this direction can be found in Ref. [9"9T.101j. 



VI. CONCLUSIONS 



If the Higgs boson is a composite pNGB that arises from the breaking of SO (7) 
to the subgroup G2, two extra light scalars (SU(2) L singlets, one charged and one 
neutral) are present in the spectrum. We have computed the most general effective 
lagrangian up to order 1/f 2 , with / the decay constant in the strong sector, in 
the case that SM fermions mix with resonances transforming in the 8 spinorial 
representation of £0(7). We have worked out the effective potential for the scalars 
induced by loops of the top quark, and discussed the pattern of EWSB. We have also 
discussed the interactions of the scalars with the SM fermions and gauge bosons and 
the phenomenology at the LHC. Loop corrections to T(h — > 77) mediated by the 
charged scalar can make it significantly increase (up to ~ 1.5 times the SM width), 
explaining better the recent fits to the latests ATLAS, CMS and Tevatron results. 
In addition, the neutral scalar singlet could naturally be a DM candidate when the 
external elementary sources do not break the parity symmetry 77 — > —rj. The new 
states can lead to a very interesting phenomenology that will be studied in a future 
publication. 
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Appendix A: The Lie algebra of G2 and its embedding in 50(7) 

The generators of 50(7) in its 8 representation can be constructed out of the 
seven 7 matrices }55j: 

71 = i<72 <E> i&2 <8> «cr 2 , 72 = <J\ <8> i<7 2 <S> 1, (Al) 
73 = icr 2 ® 1 <S> (T\, 74 = -i<J2 <8> 1 <8> 03, 

75 = 1 <g) 01 <g) z*(7 2 , cr 6 = -0-3 <g> zer 2 <8> 1, 77 = -1 ® 0"3 ® 2er 2 . 



where <7j represents the zth Pauli matrix. Out of them, we can construct the gen- 
erators as J mn = —J nm = — [J mi Jn}/4. The G2 Lie algebra is then generated from 
the 14 generators Fi and Mj of the following set [54J: 



*1 = 




— J51), 


Mi = 


1 

-j={J 2 4 + J51 ~ 


-2J 73 ), 


iVi = 


z , 


F 2 = 




J12), 


M 2 = - 


v^2 (J54 + Jl2 


— 2J 67 ), 


N 2 




F 3 = 




- Jtb), 


M 3 = 


^_(Jl4 + 


— 2J 36 ), 


N 3 


z' 


F 4 = 




— ^43), 


M 4 = 


^_(Jl6 + ^43 


-2J 72 ), 


A 4 


z 


F 5 = 




- J31), 


M 5 = 


v^2 (j46 + Jsi 


— 2J 57 ), 


iV 5 


= 7~7^^ 46 ^ 31 ^ 57 )' 


F 6 = 




— Jet), 


M 6 = 


z 

^2(</35 + ^62 


-2Jn), 




z' 

= 7~/g^ 35 ^ 62 ^ 71 )' 


F 7 = 




J23), 


M 7 = 


Z 

^^(^65 + -hz 


-2J 47 ), 


A 7 


z 

= 7~/^^ 65 ^ 23 ^ ^ A7 '~ 



(A2) 
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Appendix B: Explicit expression of II 

The explicit expression for IT in the particular basis of Appendix [A] is given by: 



n 



y/6 



2 

2 

k2+ri 
2 

h 
2 

n 

2 



k2+V 
2 



2 



2 

_kx 

2 

_2 
2 

2fci+fe 
2 

2 



2 

k2-y 



2 



k2—r\ 
2 



2 

fci 
2 

2 



k2-r\ 
2 



2 

2 
2 



k2-y 





fcg 

2 

2 



2 An 



2 fci— fe k2— r) 



2 

k2-T) 
2 

-h 

_M 

2 



k2+rj 
2 

ki 
2 





_k2±n 

2 

_h 

2 

_2 
2 

hi 

2 



2 



k2+rj\ 
2 



'1 
2 

2fci-ft 
2 

k2-r\ 
2 

2 

_k2 

2 



Appendix C: Loop functions 

The loop functions A , Ai and Ai/ 2 that appear in Section [V] can be found in 
Appendix A of Ref. 



A (x) = -x 2 [x- 1 - fix' 1 )] , (CI) 
A x {x) = -x 2 [2x~ 2 + 3X- 1 + 3(2x- 1 - l)/(x -1 )] , 
A 1/2 {x) = 2x 2 [x- 1 + (x- 1 - l)/^ 1 )] , 

where 

f(x) = arcsin 2 yfx (C2) 

whenever the Higgs mass is below the kinematic threshold of the loop particle: 
mioop > 63 GeV. 
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